ABSTRACT: Zeta potentials of several polar protic (water, ethylene glycol, formamide) as well as polar aprotic (dimethyl sulfoxide) liquids were measured in contact with three non-polar surfaces using closed-cell electro-osmosis. The test surfaces were chemisorbed monolayers of alkyl siloxanes, fluoroalkyl siloxanes and polydimethylsiloxanes (PDMS) grafted on glass slides. All these liquids exhibited substantial electro-kinetics in contact with the non-polar surfaces with these observations: the electrokinetic effect on the fluorocarbon-coated surface is the strongest; and on a PDMS grafted surface, the effect is the weakest. Even though these hygroscopic liquids contain small amounts of water, the current models of charging based on the adsorption of hydroxide ions at the interface or the dissociation of pre-existing functionalities (e.g., silanol groups) appear to be insufficient to account for the various facets of the experimental observations. The results illustrate how ubiquitous the phenomenon of electro-kinetics is with polar liquids contacting such apparently passive non-polar surfaces. We hope that these results will inspire further experimental and theoretical studies in this important area of research that has potential practical implications. 
INTRODUCTION
It is inferred from electrokinetic measurements that the interfaces of various hydrophobic non-polar solids in contact with pure water become negatively charged.
This result is surprising considering the absence of dissociable groups on such solids that could give rise to charging. While it has been stipulated in the literature [1] [2] [3] [4] [5] that the adsorption of hydroxide ions is responsible for negative charge at the interface of water and non-polar materials, spectroscopic as well as the theoretical studies [6] [7] [8] [9] [10] [11] [12] have largely failed to provide strong evidence for such a model. Although certain MD simulations 13 argued for only a slight accumulation of hydroxide ions at the interface, the preponderance of the evidence from various simulations and spectroscopic studies [9] [10] [11] [12] , on the other hand, suggest that hydronium ions -not hydroxide ions -accumulate in excess at the interface. Recently, a new effort has been made to explain the charging at the interface of water in contact with hydrophobic surfaces based on donor-acceptor interactions. 14 In this model, partial charge transfer inherent in hydrogen bonds between water molecules gives rise to a zeta potential at the interface, where the isotropic symmetry of the bulk is broken and charge separation is imbalanced. Such an explanation of charging at the water/non-polar interface implies that other types of Hbonding liquids, e.g., ethylene glycol and formamide, should exhibit non-negligible electrokinetic effects as well.
Nearly two decades ago, Yaminsky and Johnston 15 reported that a hydrophobized glass slide acquires negative charge when it is withdrawn from water. In fact, they found that this effect is not restricted to water alone; charging of variable magnitudes is also observed with formamide, mercury and certain solutions of water and ethanol, but not 3 with such pure dielectric liquids as alkanes. The authors speculated that the surfaces acquire charge when a non-wetting liquid breaks its adhesive bonds during the retraction of the solids in a manner akin to triboelectricity. 16 However, for such a charge separation to occur, there has to be a difference in the chemical potential of the electrons on the two surfaces with the possibility of an energy barrier preventing instantaneous charge neutralization during the interfacial separation process. These results then lead to the question: is it possible that the negative zeta potential of water in contact with hydrophobic surfaces is related to a contact-charging phenomenon? The YaminskyJohnston experiments should be clearly demarcated from the standard electrokinetic measurements in that the former involves retraction of a solid from a pre-wetted liquid, whereas the latter is performed when the solid remains wetted by a liquid. In order to bridge these two types of experiment, electrokinetic measurements are needed with various polar liquids against non-polar surfaces while they maintain interfacial contact.
In this paper, we pursue such a study by measuring the zeta potentials of hydrophobically modified glass slides in contact with polar liquids -ethylene glycol, formamide, and dimethyl sulfoxide -and compare the results with the same surfaces in contact with water.
Amongst these liquids, both ethylene glycol and formamide can autoionize only sparingly 17 , whereas dimethyl sulfoxide is a non-ionizable aprotic liquid. All of these liquids are however hygroscopic and contain trace amounts of water. Detailed analysis of the electrokinetic data of these liquids, even in the presence of small amounts of water, and how they depend on the chemical nature of hydrophobization suggests that an explanation beyond that of the adsorption of hydroxide ions may be warranted in order to explain the observed charging phenomena. 
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The assembly of the test channel is shown in Fig. 1 Some of the glass slides were modified with a thin layer (5 nm) of PDMS (DMS-T22) using a method reported recently in the literature 22 . After the slide was cleaned by piranha solution and then oxygen plasma, it was fully wetted by DMS-T22 and covered with another glass slide placed above it. The sample was kept in a vacuum oven at 80ºC for 24 h, followed by cooling to room temperature. The sample was then gently rinsed with distilled chloroform (ACS grade; EMD) and dried with a stream of nitrogen.
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Although we have not measured the thickness of the grafted layer of PDMS on glass, similar treatment on a silicon wafer produced the ellipsometric thickness of the adsorbed film of 5 nm.
All of the surfaces were characterized by the contact angles of the test liquids (DI water, ethylene glycol, formamide and dimethyl sulfoxide), atomic force microscopy (AFM, Nanodimension V; Vecco), and x-ray photoelectron spectroscopy (XPS). The contact angles were measured by using the drop inflation and deflation methods. Angles measured on both sides of each drop were averaged from three measurements perfor med at different spots of each sample. High-resolution XPS scans in the C 1s and Si 2p regions
were carried out at a 15º take-off angle with a SCIENTA ESCA-300 instrument using monochromatic Al K  x-rays generated from a rotating anode operated at 4.5 kW and a pass energy of 150 eV.
The test channel was prepared by assembling two similar glass slides with doublesided Scotch ® tape as shown in Fig. 1b . A PDMS block embedded with a fluid connecter was prepared using Sylgard ® 184 (Dow Corning) following the methodology described in the literature. 23 Before assembling the channel, the bottom sides of the PDMS blocks were treated with oxygen plasma at 0.2 Torr for 45 s to enhance adhesion. Clamps were used to affix the plasma-treated PDMS blocks onto the two ends of the channel for 24 h to ensure intimate contact between the PDMS and the surface ( Fig. 1c and 1d ).
One obvious concern with the prepared channel was the possibility that impurities might leach from the PDMS and the tape used in the assembly process and contaminate the test liquids. In order to ascertain that this was not the case, test liquids were passed through one of the ports of the assembled channel via a Tygon ® tube, and then collected 9 through the other port. Once enough liquid was collected, its surface tension was measured and compared with pure liquids. No measurable differences in surface tension ensured that the contamination of the test liquids by putative impurities was not an issue of concern.
MEASUREMENT OF VELOCITY PROFILES OF LIQUIDS
The test liquid seeded with fluorescent particles was injected into the channel For each test, electric fields at five different strengths were applied, and the images of particles were recorded on the computer via a CCD camera (model XC-75; Sony). 
THEORY: DETERMINATION OF ZETA POTENTIAL
We begin with the standard equation of electrokinetics 18, 24 that balances the viscous, electrical, and normal stresses: dx dp dz
where v(z) is the velocity of the fluid moving along the length (x direction) of the channel, ψ(z) is the electrical potential that is uniform in the x direction but varies along the depth of the channel,  and ε are the viscosity and dielectric constant of the test liquid, ε 0 is the dielectric constant in vacuum, and dp/dx and E are the pressure gradient and the electric field, which are uniform along the depth (z direction) but vary across the length of the channel, respectively. These equations are traditionally solved with the following boundary conditions:
where 2h is the depth of the channel, and ζ w is the zeta potential at each of the channel walls that is in contact with the liquid. The liquid can potentially slip against the wall with a slip velocity v s . The general solution of eq. 1 with the help of the boundary conditions given in eq. 2 is as follows:
As fluorescent particles are utilized as tracers in the system and each particle has its own electrophoretic velocity (v p ), the velocity profile of the liquid as measured (v exp ) with the tracer particles is the superposition of v and v p , i.e., v exp = v + v p . The electrophoretic velocity of the particle is same as the depth average value of v, i.e.,
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Following the standard protocol, the slip velocity (v s ) of the test liquids against the walls of the flow channel can be expressed 25 as 
where q is the charge of the ion, e is the elementary charge, n ∞ is the number of the ions per unit volume, k B is the Boltzmann constant, T is room temperature (296 K), and κ is the Debye-Hückel parameter.
Now, combining eqs. 4, 5 and 8, we have the velocity profile in the channel as follows:
where, the surface potential 26, 27 has the following form:
The velocity profile of a particle at a depth H can be obtained experimentally and fitted with eq. 9 to obtain the zeta potential (ζ w ), provided that the slip length (b) and the pressure gradient (dp/dx) are known. (Fig. 2) . In all cases, we found that the centerline velocity of the tracer particles is linearly proportional to the electric field, suggesting that the pressure gradient dp/dx has to be proportional to E.
This observation is in agreement with our previous publication 18 , in which we devised a way to measure the centerline velocity of the tracer particles in both the presence and the 13 absence of an electric field. In the latter case, the flow still occurred, as the electroosmotically generated pressure gradient was stored via capillarity. It is thus reasonable to set the pressure gradient in the channel to be a linear function of the electric field:
where D is a constant. Now, dividing the velocity v exp by the electric field and dielectric constant, and multiplying it by the viscosity, we obtain an expression for the mobility 
where exp Ṽ is the depth average value of exp Ṽ , which is related to the electrophoretic mobility (μ e ) of the tracer particle:
RESULTS AND DISCUSSION

CHARACTERIZATION OF SILANIZED SURFACES
The test surfaces were characterized by atomic force microscopy, wettability, and the x-ray photoelectron spectroscopy (XPS). The corresponding results are summarized in Table 1, Table 2 and Figure 3 , respectively. The values of the root mean square (RMS) roughness collected by AFM over an area of 2 μm × 2 μm indicate that the surfaces of the glass slides are relatively smooth, but that they are rough enough to (potentially) prevent slippage of the liquids at the wall. The contact angles of the liquids on these surfaces are comparable to the previously reported values, 18, 20, 21, 30 with the observation that the hystereses of the liquids on the fluorocarbon surface are significantly higher than those on the hydrocarbon surface. These monolayers are very stable in water at neutral pH, as evidenced by the fact that the surface properties of the treated slides remain unaffected even after immersion in pure water for a week. There is a view in the literature 31 that the hysteresis of a test liquid on a surface would systematically decrease with its molar volume. In the current study, however, such a correlation is not observed. For example, ethylene glycol, with a molar volume three times as large as that of water, in fact, exhibits only a slightly higher hysteresis than water, whereas DMSO with an even a larger molar volume than water has a lower hysteresis.
Inspection of the C 1s region of the XPS spectra ( ). If these two parameters are known, the velocity profile can be fitted to equation 12 in order to extract the value of the zeta potential in a straightforward way. Before such a fit could be attempted, however, we also needed to address the possible uncertainty in the position of the particles (h') very close to the wall, which we expect to be somewhat larger than the radius of a single fluorescent particle. In our first attempt, we estimated the Debye lengths from the concentrations of the hydronium and hydroxide ions of the water present in these liquids (assuming a neutral pH) and those arising from the autoionization of the to be a variable as well. Such an analysis revealed that the slip length has to be vanishingly small, the Debye length has to be << 1 m, and h' has to be less than 5 times the radius of the tracer particle (i.e., the particle is indeed very close to the walls of the channel) in order to obtain R 2 > 0.98. However, the lack of the precise knowledge of these parameters still makes it difficult to estimate the absolute values of the zeta 19 potential. For a sufficiently thick channel, i.e., h >> b, and for a very short Debye length, the velocity profile of the tracer particle above an electrical screening layer can be written in the following form:
ZETA POTENTIALS OF SILANIZED GLASS SLIDES IN VARIOUS LIQUIDS
where,
is the apparent zeta potential of the surface, the value of which would be same as the true zeta potential ζ w if the fluid does not slip at the wall. Since the roughness (≥0.6 nm) of both the hydrocarbon and fluorocarbon substrates are larger than the threshold roughness 28 of wall slippage, it is possible that the slip lengths (b) are vanishingly small in our experiments so that ζ' w ~ ζ w . We reemphasize that the integrated values of w values were found to be rather robust. Within the above scenario, the apparent zeta potential ζ' w of each liquid contacting either surface can be obtained by a straightforward fit of the experimental velocity data to equation 14 or can be taken from the intercept of the ordinates of Fig. 4 for each surface. Table 3 summarizes the apparent zeta potentials estimated for each liquid against the hydrocarbon and the fluorocarbon surfaces. Significant zeta potential is indeed observed with each of the test liquids in contact with both of the hydrophobic surfaces, with the striking fact that its value on the fluorocarbon surface is substantially larger than that on the hydrocarbon one. From the very outset, we note that there is no correlation between the zeta potentials and the dipole moments of these liquids, which contrasts a model 32 suggesting that orientation of water dipoles at the interface contributes to the zeta potential.
We discussed above that the autoionization of the residual water or the carrier The conductivity (151 S/cm) of the as-received formamide used to test the zeta potential was rather high. However, when the liquid was treated with a mixed-bed resin, its conductivity decreased to 25 S/cm, while its water content increased from 0.07% to 6%
and pH decreased from 9.5 to 5.1. Remarkably, both the treated and the untreated formamide displayed very similar zeta potentials against HC-16 surface as shown in Figure 5 . We expected the hydroxide ion concentration to increase with the dielectric constant of each probe liquid, and using the law of mass action, zeta potential to increase with the concentration of water as well. We thus find, so far, no clear evidence to support a model in which the ionization of the residual water or that of the carrier liquid plays a major role in the observed electro-kinetic phenomena.
As is usually the case with the surface chemistry experiments, it is tempting to attribute such types of anomalous results to impurities on the test surfaces that would 22 deprotonate and give rise to surface charging. Since XPS did not provide evidence for the presence of such dissociable functional groups as carboxylic acid, one possibility is that the silanol groups of the support or from the silane used to modify the surfaces could be the source of such ionization. While such a picture would also be consistent with our findings (not reported here) and some observations reported in the literature 37, 38 that the zeta potentials of the silanized silica surfaces increase with pH, it does not resolve some of the other issues satisfactorily. For example, let us take the case of formamide, which was used both as-received and after its treatment with a mixed-bed resin. Owing to the fact that the conductivity and the dielectric constant of the as-received formamide are both higher than those of water, this solvent provides a better environment for the putative silanol groups (isoelectric point ~ 2) to deprotonate than water. Thus one might expect formamide to display a higher surface charge density than water and thus a higher zeta potential, which is not the case. Furthermore, the zeta potentials of ethylene glycol, whose dielectric constant is considerably smaller than those of water and formamide, are quite comparable to that of water on the HC surface. For ethylene glycol on the FC surface, the zeta potential is actually slightly higher than water and nearly three times as large as that for formamide. Thus, the dissociation of a pre-existing group such as silanol to yield the negative charge does not appear to account entirely the trends of the zeta potentials observed with all the liquids against the various surfaces. photoelectrons ejected from the 5-nm-thick grafted film correspond to the more electronrich silicon atoms of PDMS, relative to those of silica. Furthermore, there is no evidence of any oxidized carbon species on such surfaces. The contact angles of the probe liquids also exhibit much lower hysteresis on this surface, thus indicating that these surfaces are rather homogeneous and devoid of pining sites of the types that give rise to contact angle hysteresis ( Table 2 ).
Significant zeta potentials are observed with this surface as well (Fig. 4 and Table   3 ). Even though the magnitudes of the potentials on the PDMS-grafted surface are considerably smaller than the fluorocarbon coated glass slide, the values are only slightly smaller than the HC-16-coated glass slide, thus suggesting the effects observed with the HC-16 surface may indeed be mainly due to the hydrocarbon groups with a small effect arising from the underlying silica. The fluorocarbon monolayer, which can exhibit considerable disorder with a high area fraction of grain boundaries, can expose both silica as well as the acidic -methylene group to H-bonding and donor-acceptor interactions with the probe liquids. What appears clear from these studies is that it is not imperative that a dissociative functional group pre-exist on a surface in order to give rise to charging in contact with polar liquids.
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SUMMARY AND CONCLUSIONS
This research adds to the repertoire of observations 5, 18, [37] [38] [39] of electro-kinesis of water in contact with numerous hydrophobic surfaces. There is a common consensus in the literature that certain amount of charging does occur with any hydrophobic surface in contact with water. Finite zeta potentials have also been reported for hydrophobic selfassembled monolayers on gold [40] [41] [42] , though there are large variations in the reported data depending upon the conditions used. For example, whereas Knoll et al. 40, 41 reported a zeta potential in the range of -100 mV for aqueous electrolyte solutions in contact with flat surfaces of alkanethiol-modified gold, Yang and Abbott 42 reported a zeta potential of only 2 mV for alkanethiol-modified colloidal particles in water. While our observations do not lead to a conclusive picture of the origin of electro-kinesis at the interfaces of various polar liquids in contact with hydrodrophobic surfaces, they do illustrate how ubiquitous the phenomenon is even with some of the passive surfaces studied here. The strengths of the zeta potentials are so significant in these systems that it obligates us to be cautious in the quantitative interpretation of the zeta potentials measured even in more obvious situations involving ionizable functional groups.
We do not claim that our silanized glass surfaces present pure and homogeneous hydrophobic groups to the probe liquids. The finite wetting hysteresis observed with such surfaces suggests that there are defects. While the absolute values of the advancing and receding contact angles of water on our HC-16 treated glass surface are quite comparable to some of the carefully prepared monolayers 20 on silicon, there are reports 43, 44 in the literature that monolayers of even lower hysteresis can be prepared depending upon the preparation condition, reactivity and the smoothness of the substrate.
However, it might be virtually impossible to produce a sufficientl y defect-free monolayer coated surface of large enough surface area to conduct these measurements. Furthermore, the structures of such alkylsiloxane-coated substrates are known 45 to have a thin intercalated water layer. In spite of these complexities, the zeta potentials of various probe liquids in contact with the HC-16 treated glass surface are found to be rather close to those of a PDMS-grafted (5 nm) glass surface that is much more passive by wettability and XPS. The higher hysteresis of the fluorocarbon monolayer coated glass, however, suggests that it may not be all that passive in comparison to the other surfaces. Here, disorder and non-ideal surface coverage could indeed expose the underneath silica and the -methylene group to the probe liquid. High zeta potentials of various probe liquids, including, aprotic DMSO, observed on surfaces suggest that electro-osmosis can be a very sensitive tool to study surface heterogeneity and defects.
Amongst all the surfaces studied here, the PDMS coating turned out to be most passive in terms of wettability, XPS and zeta potential. By extrapolating the results obtained with the HC and FC surfaces in terms of their insensitivity to the amount of the water present in the probe liquids, and that there is no evidence of any pre-existing functionality that would de-protonate, we feel that a non-conventional explanation would be needed to explain the charging of a passive surface as PDMS in contact with polar liquids.
We feel that the recent suggestions 6,14 of charging of hydrophobic surfaces in contact with water based on the transfer of charge inherent in hydrogen bonding deserve careful consideration. It has been well-known since the days of Mulliken 46 that hydrogen bonds between water molecules involve a transfer of electronic charge. According to this model 14 , although the charge transfer is symmetrical in the bulk, the balance between the donating and accepting H-bonds is broken near a hydrophobic surface that leads to a net negative charge. Although certain details still need to be worked out 14 Separation of such types of contact suggests the possibility that the contact and separation of a liquid and a solid involve irrecoverable work, which could be another hitherto unsuspected cause of contact-angle hysteresis in some situations. Further systematic work is warranted to resolve these issues. The observations of this work suggest the need to extend experimental and theoretical studies of electrokinetic phenomena beyond water and oil, to include a much larger spectrum of liquid-substrate combinations. The series of novel surfaces reported in reference [47] , in which the headgroup properties of self-assembled monolayers can be varied systematically, may be valuable for such types of studies.
For " 
